The adhesion of Salmonella typhimurium to the mineral particles quartz, albite, feldspar, and magnetite was shown to correlate with the hydrophobicity of the cell surface as measured by hydrophobic interaction chromatography. The same effects were also seen for seven other selected test strains, including Streptococcus faecalis, Streptococcus faecium, Escherichia coli, Citrobacter freundii, Shigella sonnei, and Shigella boydii. When the test strain of Salmonella typhimurium, was repeatedly cultivated in Luria broth, thus selecting for different degrees of fimbriation and roughness of the cell surface, varied cell hydrophobicity but constant negative and positive charge values were obtained. High hydrophobicity values always coincided with enhanced adhesion to the mineral particles. The negative charge of the bacterial surface as measured by electrostatic interaction chromatography appeared to play no role in the adhesion event. However, the positive charges on the cell surface contributed to the adhesion process. This was especially evident for cells exhibiting a high degree of hydrophobicity. Alteration of the pH between 4 and 9 did not significantly affect the adhesion process.
The complexity and heterogenicity of soil ecosystems have made it difficult to study events like microbial adhesion. Not only are the surface characteristics and activity of the microbial cells of importance, but the surface charge, wettability, surface texture, and diversity of different types of soil particles also may influence the adhesion process. The variability in ionic composition of the conditioning film, owing to the physicochemical composition of percolating water, and the decomposing activity of the diverse types of microorganisms that are present around the soil particles also greatly affect microbial adhesion.
In environmental health and traditional risk assessment, the complexity of the retention of microbes by soil is largely ignored. This has limited the possibilities of comparing different investigations. In addition, there are several problems with respect to studies that include a mechanistic approach, in which as many factors as possible are held constant to elucidate the importance of one or a few factors in the adhesion process. This has led some investigators (15, 20) to emphasize the microbial surface as a static or constant factor. Variations in surface characteristics such as charge and hydrophobicity sometimes have been considered to be species-or strain-dependent factors. This variation will play a less important role, at least in relation to bacterial surface charge and in high-ionic-strength environments. This may be due to elevated concentrations of ions, for example, in marine environments (7, 17) , or as a result of the presence of trivalent or tetravalent counterions (25) . Both these factors reduce the electrical double layer and the repulsive forces, thus leading to less effects of variations of the cell surface charges. In low-ionic-strength environments, the microbial surface hydrophobicity and charges are of greater importance.
In my studies of the binding of Salmonella typhimurium to inanimate surfaces, I have attempted to demonstrate how variations resulting from the alteration of the outer layer of the bacteria, spontaneous mutations, and the presence of fimbriae alter the overall surface characteristics, such as hydrophobicity and positive and negative charges. This renders an altered adhesion at the air-water interface (8) or to mineral particles (26) . These studies indicated that variations in surface hydrophobicity resulting from the abovementioned surface alterations correlated with the degree of adhesion to the minerals.
The aim of this study was to attempt to evaluate specifically the correlation between cell surface hydrophobicity and charge with regard to the adhesion of Salmonella typhimurium to mineral particles. In addition, studies were designed to investigate whether these factors could be used as a general assessment of bacterial adhesion to minerals in low-ionic-strength environments.
MATERIALS AND METHODS
Microorganisms and cultivation procedure. The nonflagellated strain of Salmonella typhimurium SH6749, originally obtained from P. H. Makela (Helsinki, Finland), was cultivated in Luria broth (12) (4) . Surface characterization of mineral particles. Quartz, potassium-feldspar, albite, and magnetite were obtained from the Swedish Geological Survey. The minerals were initially ground from pieces of uncontaminated materials and then sieved. The size fraction between 0.5 and 0.063 mm was used.
The specific surface area and the zeta potential at pH 7.0 of these minerals have previously been reported (26) . The zeta potential measurements in this investigation were performed as described by Parreira (19) with Ag/AgCl electrodes in distilled water. The pH was measured and adjusted with HCl and KOH before and after each experiment. The pH values given in Fig. 5 were obtained after each experiment.
The pH values of the fluid in which the mineral particles were suspended were determined by shaking 1.0 g of the particles in 3 ml of PBS for 30 min. The pH was measured in the supernatant. The deviation was never greater than 0.1 pH unit.
Adhesion assays. The minerals were suspended in PBS, and 0.75 g of each type was packed into clean Pasteur pipettes as for the HIC and ESIC determinations. Duplicate columns were always used for each mineral, and a maximum variation between the parallel columns of 5% was accepted. The contact time between bacteria and column material always exceeded 10 min. Control experiments showed that this time was necessary to ensure reproducible results. The experiments reported here were always run parallel to the HIC and ESIC determinations with an equivalent number of bacterial cells. Elutions were performed with two 3-ml portions of PBS per column. Control experiments showed that additional volumes of PBS removed less than an additional 3% of the total number of attached bacteria.
The eluates were collected in scintillation vials. The degree of adhesion was expressed as the percentage of radioactivity absorbed to the mineral particles, calculated as the amount that was applied to the column minus the amount of radioactivity found in the eluate. This mode of expression was necessary because the minerals gave different degrees of quenching.
Control experiments that included the determination of CFU on agar plates were included and showed comparable results. " n, Number of parallel runs within each group.
RESULTS
Variability and correlation between cell surface hydrophobicity and charge of SalmoneUla typhimurium. During cultivation, different culture conditions led to the production of Salmonella typhimurium cells that expressed various degrees of fimbriation and lipopolysaccharide composition. This resulted in large differences in the adhesion of the bacteria to the hydrophobic resin. The degree of adhesion varied from 3 to 88% of added bacteria in the different cultivations. Low adhesion values to the hydrophobic resin always coincided with a low binding to positively and negatively charged surfaces (Table 1) , while intermediate and high binding to the hydrophobic surface gave higher but varying degrees of binding to the charged surfaces (Table 1) . A direct correlation between the degree of binding of Salmonella typhimurium to the hydrophobic resin and to the anion-exchange resin was not evident (Fig. 1) . Adhesion values to the hydrophobic resin above 10% always gave greater than 40% binding to the anion-exchange resin ( Fig. 1 ) ( Table 1) . A covariation seemed to occur between the degree of binding of Salmonella typhimurium to the cation-exchange resin and to the hydrophobic resin (Fig. 2) . The highly hydrophobic group corresponded to two separate cation-exchange resin-binding groups: 27 + 4% and 60 + 4% (Table 2) .
Surface properties of Salmonella typhimurium and binding to mineral particles. Adhesion of Salmonella typhimurium to the hydrophobic resin directly correlated with adhesion to Adhesion to octyl-sepharose (%) Fig. 3 (U) .
the mineral particles. This is shown in Fig. 3 for quartz, but similar correlations were also found for albite, feldspar, and magnetite. The differences in the degree of binding of Salmonella typhimurium to the cation-exchange resin were also reflected in the binding to the mineral particles ( Table  2 ). The group of cells giving a higher binding to the cationexchange resin as well as a high binding to the hydrophobic resin are indicated in Fig. 3 . A 40 to 50% increase in the adhesion of Salmonella typhimurium cells to quartz, feldspar, and magnetite was found when the binding to the hydrophobic resin changed from 26 to 82% with constant positive and negative cell surface binding values (Fig. 4) .
Influence of pH on adhesion of Salmonella typhimurium to mineral particles. The effect of different pH values on the surface properties and adhesion of Salmonella typhimurium was measured in the pH range of 4 to 9. Nonpiliated smooth and piliated rough Salmonella typhimurium represented the most hydrophilic and the most hydrophobic bacterial surfaces, respectively, that were tested. The pH range had a marginal effect on the adhesion of the bacteria (Fig. 5) . The surface characteristics of the bacteria were of significantly greater importance, as can be seen by comparing Fig. 5a and b with Fig. 5c and d. The variation in pH did not have any profound effect on the zeta potential of the mineral particles except for magnetite, as judged from the streaming potential measurements (Fig. 6) . When approaching the isoelectric point in the lower pH range, a lower zeta potential was recorded. Correlation between adhesion to mineral particles and surface properties of other bacteria. Seven different strains of bacteria representing four species of the family Enterobacteriaceae and two species of Streptococcus were tested with respect to the correlation between surface properties and adhesion to minerals. The results showed a clear positive correlation between cell surface hydrophobicity and adhesion to mineral particles (Table 3) . A covariation with charge existed for Shigella sonnei. 
DISCUSSION
The present study showed that a large variability in cell surface characteristics such as cell surface hydrophobicity and charge may exist within a given bacterial strain. This variability may express various amounts of lipopolysaccharides (8) , different types and number of cell surface appendages (6, 9, 26, 27, 33) , or capsular material (22) . Since the expression of fimbriae of E. coli (5, 18) and flagellae of Salmonella typhimurium (24, 34) may be under phase variation, this may add to the variability. In addition, the growth conditions (19, 28) may induce changes in the bacterial cell surface layers which will influence the overall degree of hydrophobicity and charge (14) . The importance of hydrophobicity and charge for the nonspecific adhesion of microorganisms to solid surfaces has recently attracted considerable interest (for reviews, see references 1, 23, and 25) .
Adhesion of Salmonella typhimurium to octyl-Sepharose as a method to estimate cell surface hydrophobicity, both in the presence of fimbriae and in association with the roughness of the cell surface, was directly related to adhesion to the mineral particles in this study. Furthermore, this effect was illustrated for the other bacterial species that were included in this study. Hydrophobic interaction may therefore be used as a generalized assay to measure the adhesion potential of bacteria to low-energy solid surfaces.
The hydrophobic interaction, which traditionally has been considered to operate over short distances, has gained a renewed interest, partly owing to the discovery of long-range "hydrophobic interfacial forces" (2, 3, 30) . These long-range hydrophobic interactions may be due to a local dehydration or rearrangement of the water molecules (1, 21, 30, 31) , thereby considerably facilitating adhesion of bacterial cells to solid surfaces. This effect, as well as the perturbating effect of thin fimbriae, have introduced a better explanation for many adhesion events than that of the traditional DLVO theory (9) .
The role of negatively charged groups on the bacterial surface, as measured by ESIC, in the adhesion process is less clear. Apparently, these groups did not counteract the adhesion, as could be expected if the electrostatic repulsion forces constituted an important factor. No general correlation was evident between the extent of negative charge and the cell surface hydrophobicity (Fig. 1) , nor did the greater negative zeta potential on the mineral surface affect the degree of repulsion. The evidence for the latter statement is partly based on the fact that magnetite expresses a lower zeta potential (Fig. 6) without a large change in bacterial adhesion as compared with adhesion to quartz, feldspar, or albite. Biotite also exhibited lower zeta potential, as measured by the streaming potential method. An explanation for the larger adhesion to this mineral may be that fixed positively charged groups probably are exposed at the edges in the crystal lattice and may play a more important role in the adhesion process than the overall zeta potential or negative charge. This is supported by the observation that when magnetite and the mica minerals were ground further and the zeta potential measured by particle microelectrophoresis in the size fraction below 1 ,um, a higher zeta potential was noted for these materials than for quartz, albite, and feldspar. This may have resulted in a higher number of exposed positive charges per surface area. This is furthermore supported by the early work of Marshall and co-workers (for a review, see reference 13) showing an adsorption of clay particles to the surface of Rhizobium cells, resulting from positive charges on platelet clay edges and the anion-exchange capacity of clays, resulting from breakage at the edges to expose trivalent or tetravalent positive ions or from the exchange of OH groups (25) . The clay fraction of the tested minerals was not included in the present study.
Other investigators have also concluded that the negative surface charge may play a minor role (27, 29) in the adhesion-repulsion processes of bacteria at a solid surface. However, Van Loosdrecht et al. (29) pointed out that the surface electrokinetic potential becomes more influential for more hydrophilic cells and concluded that this allows the bacteria to adhere in the so-called secondary minimum. The same effects may occur for the cells that displayed an intermediate degree of hydrophobicity in this study (Table 1) (Fig. 1) , since a large variation was shown in the degree of negative charge, while a relatively constant cell surface hydrophobicity was observed.
The relatively minor importance of the charge-dependent interaction was also reflected by the pH experiments, which revealed that changes in pH in the range between 4 and 9 did not markedly affect the ionization-and charge-dependent adhesion, respectively, of either bacterial or mineral surfaces. This is in agreement with pH and electrophoretic mobility experiments performed with Rhizobium species (13) . At pH values below 4 and at higher ionic strength, the charge effects will be more pronounced since both the isoelectric point (pl) and zero charge values are in this range.
Even though the cells express a net negative charge, localized positive charges have to be considered. These have been shown to be expressed on the cell surface (16, 32) , and suggestions concerning their synergistic role in fimbriaemediated adhesion of Salmonella typhimurium to mineral particles have been presented (26) . The role of positive charges in adhesion has so far not been experimentally verified. In this study, the positive charges were found to play a less important role than hydrophobicity for adhesion of Salmonella typhimurium to mineral particles. In the upper hydrophobicity range, positive charges appeared to be more dominant (Fig. 2) , while lower effects were found for the more hydrophilic cells. Since, in this study, more hydrophobic cells reflected partly fimbriation and partly the roughness of the surface, two explanations may be plausible. The positive charges may reflect either fixed charges at the top of the hydrophobic fimbriae or other cell surface proteins, exposed by the reduction in the length of the lipopolysaccharide molecules. Furthermore, it is evident that localized positively charged groups are more essential in the adhesion process than an overall negatively charged cell surface.
